The development of skeletal muscle in the vertebrate embryo is controlled by a transcriptional cascade that includes the four myogenic regulatory factors Myf-5, MyoD, Myogenin, and MRF4. The dynamic expression pattern of myf-5 during myogenesis is thought to be consistent with its role during early determination of the myogenic lineage. To study the factors and mechanisms, which regulate myf-5 transcription in Xenopus, we isolated a genomic DNA clone containing 4858 bp of Xmyf-5 5 0 flanking region. Using a transgenic reporter assay, we show here that this genomic contig is sufficient to recapitulate the dynamic stage-and tissue-specific expression pattern of Xmyf-5 from the gastrula to tail bud stages. For the primary induction of myf-5 transcription, we identify three main regulatory elements, which are responsible for (i) activation in dorsal mesoderm, (ii) activation in ventral mesoderm, and (iii) repression in midline mesoderm, respectively. Their combined activities define the two-winged expression domain of myf-5 in the preinvoluted mesoderm. Repression in midline mesoderm is mediated by a single TCF binding site located in the 5 0 end of the 24.8 kbp sequence, which binds XTcf-3 protein in vitro.
Introduction
Vertebrate myogenesis is mainly controlled by members of the myogenic regulatory factors (MRFs) family, including MyoD, Myf-5, Myogenin and MRF4, which are all basic helix-loop-helix (bHLH) transcription factors (reviewed by Arnold and Winter, 1998) . Among these four genes, myf-5 and myoD are expressed earlier than myogenin and MRF4 (Cossu et al., 1996) and are therefore believed to play a central role in initiating myogenesis. Data from gain-offunction and loss-of-function experiments provide evidence that myf-5 is important for the activation of skeletal muscle specific genes both in vitro and in vivo. For instance, bovine myf-5, when misexpressed in transgenic mice, caused skeletal muscle specific genes to be expressed in brain and heart (Miner et al., 1992; Santerre et al., 1993) . Ectopic expression of Xenopus myf-5 in animal cap cells was shown to activate myoD and cardiac actin genes in the frog embryo (Hopwood et al., 1991) . When Xmyf-5 was overexpressed together with XmyoD in Xenopus embryos, enlarged cranial and anterior trunk myotomes and ectopic muscles in lateral plate and neural tissue were formed (Ludolph et al., 1994) , although this phenotype was not observed by other labs (Hopwood et al., 1991) . Functions of myf-5 in myogenesis have been further demonstrated in targeted knockout experiments. While mice deficient of either myf-5 or myoD still form muscle Rudnicki et al., 1992) , myf-5 and myoD double knockout mice die at birth without a skeletal musculature and detectable myoblasts (Rudnicki et al., 1993) . These results have been interpreted as to reveal partially redundant functions of myf-5 and myoD, which normally determine two separate muscle cell lineages (reviewed by Ordahl et al., 2000) .
In Xenopus, myf-5 transcription begins at the early gastrula broadly in the dorsal half of the mesoderm, then quickly resolves into two dorsolateral domains directly adjacent to the Spemann Organizer. How this dynamic expression pattern is achieved is not known. After gastrulation, myf-5 transcripts disappear from the differentiating myocytes of anterior somites, but are still detectable in newly formed somites and unsegmented paraxial mesoderm (Hopwood et al., 1991; Dosch et al., 1997; Jones and Smith, 1998; Takahashi et al., 1998) . The absence of myf-5 expression in differentiating muscle cells is a common observation in vertebrates, which we have shown for Xmyf-5 to be mediated -at least in part -by an interferon regulatory factor (IRF)-like DNA binding element (see Jesse et al., 1998 and references therein) within the Xmyf-5 promoter (Mei et al., 2001) . Mutation of the putative IRF binding site results in anterior expansion of the Xmyf-5 reporter gene expression (Mei et al., 2001) .
Regarding its local induction in the preinvoluted mesoderm, regulators of Xmyf-5 are likely to be found among genes responsible for the initial dorsal-ventral patterning of the early embryo. One candidate is Wnt-8, whose activity was shown to be both necessary and sufficient to activate Xmyf-5 expression in mesoderm (Marom et al., 1999) . A similar observation has been made in the mouse, where Wnt signals have been implicated in the onset of both Xmyf-5 and MyoD expression (reviewed by Cossu and Borello, 1999) . When mouse paraxial mesoderm is cocultured with cell lines expressing Wnt-1 and Shh, myf-5 transcription can be observed (Muensterberg et al., 1995; Stern et al., 1995) . These results suggest a conserved input of Wnt signaling into myf-5 expression.
Activin/Nodal and BMP4 proteins also influence myf-5 expression in Xenopus. Activin protein was shown to induce myf-5 in animal cap cells (Takahashi et al., 1998) . BMP-4 affects myf-5 transcription in a concentration-dependent manner -at medium dose it induces, at high dose it represses, Myf-5. This threshold response might be explained by the finding that-medium BMP signal levels contribute to zygotic Wnt-8 expression, while higher BMP-levels induce the Wntinhibitor Sizzled (see Jones and Smith, 1998; Marom et al., 1999) . Since Wnt activity is required for myf-5 expression (see above), BMP will induce Myf-5 indirectly at the signal range between the relative thresholds of the wnt-8 and szl promoters. How much BMP signaling cells receive in the marginal zone is controlled by secreted BMP-inhibitors like Noggin, which are expressed in the organizer region under the influence of the maternal Wnt/b-Catenin pathway (reviewed by De Robertis et al., 2000) . A similar circuitry operates in the chick, where zygotic Wnt ligands induce Noggin in the dorsomedial dermomyotome, which helps reduce BMP-signaling from surrounding tissues to a level compatible with activation of myogenic bHLH proteins in these cells (see Reshef et al., 1998) . Whether BMPs have also an activating influence on myf-5 in the chick, as in the frog, is currently not known.
How the different signaling inputs are integrated to restrict myf-5 expression to muscle precursor cells has remained an open question. Here we report the cloning and transcriptional analysis of the upstream Xmyf-5 genomic DNA region. We show that this DNA contig of about 4.8 kbp is able to recapitulate the endogenous Xmyf-5 expression pattern at least until the tadpole stage, provided that the reporter genes are stably integrated into the genome.
Within this contig, we have identified two separate elements required for expression in dorsolateral and ventrolateral mesoderm, respectively, as well as a distal TCF binding site, which represses promoter activity in the dorsal and ventral midline, but does not contribute to activation.
Results

Isolation of the Xenopus myf-5 upstream DNA region
A Xenopus genomic library was screened with a reverse transcription-polymerase chain reaction (RT-PCR) amplified probe, which corresponds to the sequence upstream of an EcoRI restriction site in the Xmyf-5 cDNA. A single positive clone was obtained from approximate 500 000 clones. Sequencing of the insert revealed that it consists of 136 bp of the 5 0 end of the known Xmyf-5 cDNA (Hopwood et al., 1991) and 4858 bp of 5 0 upstream genomic DNA (GenBank accession no. AF212160). By 5 0 -RACE (rapid amplification of cDNA ends) we identified the transcription start site within this sequence (marked ' 1 1' in Fig. 1A ; and data not shown). A TATA box consensus sequence and a binding site for Oct proteins (octamer-like sequence, OLS) are highly conserved in myf-5 promoters among bovine, mouse and chick (see Barth et al., 1998) . These DNA motifs are also present in the Xmyf-5 promoter at positions 256 bp and 2104 bp, respectively (Fig. 1A) . To investigate the regulatory capacity of this genomic DNA fragment, we generated a series of 5 0 deletion constructs, using naturally occurring restriction sites, and cloned them into both Luciferase and GFP reporter plasmids (Fig. 1B) . The former were used to quantitate reporter gene activity, the latter for monitoring the successful generation of transgenic embryos.
2.2. The major cis-regulatory elements controlling Xmyf-5 transcription are contained within a 4767 bp contig
Initial attempts to study the transcriptional activity of Xmyf-5 reporter genes by episomal DNA-microinjection failed to produce specific and consistent results. Therefore, we used the transgenesis technique developed by Kroll and Amaya (1996) , to introduce GFP reporter constructs into the embryos through restriction enzyme-mediated integration (REMI). Because at the gastrula stages GFP fluorescence intensity was too low to be recorded with the available video system, we documented GFP expression by in situ hybridization in transgenic embryos, and compared the expression pattern with that of endogenous Xmyf-5 mRNA in normal embryos (Fig. 2) .
Endogenous Xmyf-5 expression was first detected as a small spot in the dorsal midline region at pre-gastrula stage ( Fig. 2A, stage 10 2 ). This spot colocalized with the gsc expression domain (Cho et al., 1991) in double in situ hybridization (data not shown), indicating that myf-5 expression starts in the Spemann organizer region. Soon after the onset of gastrulation, the Xmyf-5 expression pattern changes quickly. It spreads ventrally into the marginal zone, and simultaneously becomes extinguished from the dorsal midline region, which will later form the notochord (Fig.  2B , stage 11; see also Dosch et al., 1997; Jones and Smith, 1998; Takahashi et al., 1998) . From midgastrula stage onwards, Xmyf-5 transcription recedes gradually from the ventral side, so that the typical dorsolateral restriction of Xmyf-5 expression becomes increasingly pronounced as gastrulation proceeds (Fig. 2C , stage 11.5; see also Hopwood et al., 1991) . Subsequently, Xmyf-5 mRNA persists in the paraxial mesoderm during neurulation (Fig.  2D ), until being down-regulated in the differentiating myocytes. After the tail bud stage, myf-5 transcripts are only detectable in unsegmented paraxial mesoderm, newly formed somites, and a few cells at the dorsal and ventral edges of differentiated, older somites ( Fig. 2E ; see also Dosch et al., 1997; Mei et al., 2001) .
The expression pattern of the full-length GFP-reporter gene was very similar to that of the endogenous Xmyf-5 gene ( Fig. 2G-J) , including the pattern refinement during gastrulation, and the down-regulation in anterior somites. This was observed for the vast majority of pFLGFP transgenic embryos ð.81%, n . 21/stage), with almost no apparent ectopic expression. The only difference was the lack of reporter gene expression in the dorsal mesoderm at the very early gastrula stage (Fig. 2F, stage 10 2 ). However, this early, spot-like expression is a very transient feature, which we may have simply missed in the transgenic embryo population analyzed. Importantly, these results indicate that the major cis-regulatory elements of Xmyf-5 are contained in this 4767 bp contig, and that these elements require a chromosomal context for proper function.
The Xmyf-5 upstream region contains multiple cisregulatory elements
The dynamic expression pattern suggests that the myf-5 gene responds to multiple inputs, including transcriptional repression in both dorsal and ventral midline. To gain insight into the cis-regulatory elements mediating these inputs, we assayed GFP expression driven by a series of 5 0 truncations of the Xmyf-5 regulatory region in transgenic embryos (see Fig. 1B for overview). Our analysis of the GFP transcripts was focused on gastrula stage embryos, when endogenous Xmyf-5 first shows its muscle-specific expression pattern. As shown in Fig. 3A , no significant GFP signal was detected in p-295GFP transgenic embryos (87%, n ¼ 16). This result indicates that the immediate promoter region, including the TATA and OLS motifs, is not active on its own. p-727GFP transgenic embryos displayed GFP expression, however, in a non-specific pattern extending predominantly throughout the ventral animal hemisphere (82%, n ¼ 17; Fig. 3B ). Mesodermspecific expression of GFP appears to require further upstream sequences. In both p-1778GFP and p-3384GFP transgenic embryos (Fig. 3C ,D), we detected GFP mRNA in the shape of an arch encompassing approximately 40% of the mesoderm (92%, n ¼ 51 and 83%, n ¼ 99, respectively). Sections through the dorsal midline of the transgenic embryos indicate that this domain includes the blastopore lip region, thus unambiguously defining expression of these constructs to occur on the dorsal side of the embryo (see insets in Fig. 3C ,D). In addition, the ectopic expression of the p-727GFP construct in the ectoderm is extinguished in the longer constructs. When additional sequence between 24217 and 23384 bp were included in the promoter, GFP-positive signals extended ventrally and surrounded the blastopore as a ring (p-4223GFP: 66%, n ¼ 15; p-4531GFP: 77%, n ¼ 9; see Fig. 3E ,F). This expression pattern was very distinct from what we observed in pFLGFP transgenic embryos (Fig. 2B,C) , in which GFP transcripts were confined to dorsolateral mesoderm, but never present in dorsal or ventral midline. In summary, the expression patterns observed with the various GFP reporter genes characterize four distinct cisregulatory elements, each of which is responsible for subaspects of the overall Xmyf-5 expression. Element 1 (2721 and 2289) drives reporter gene expression throughout the ventral animal hemisphere; element 2 (21778 and 2721) silences expression in the ectoderm, and enhances transcription in dorsal mesoderm; element 3 (24223 and 23378) supports transcription in ventral mesoderm. Finally, element 4 (24761/24531) represses reporter gene expression in both ventral and dorsal midline mesoderm.
The Myf-5 upstream region responds to Activin signal
TGF-b ligands, in particular the Nodal proteins, have been implicated in vertebrate mesoderm formation. In Xenopus, zygotic expression of Nodal-related genes starts in the dorsal marginal zone, but then spreads ventrally during gastrulation (reviewed by De Robertis et al., 2000) . This dynamic expression pattern makes the nodal-related proteins potential candidates for the suspected signaling input, which causes the observed dorsoventral expansion of myf-5 transcription in the early mesoderm (Figs. 2 and  3 ). For practical reasons we choose to test this hypothesis with Activin protein (see Fig. 4 ), a close homolog of Nodal proteins, which uses the same intracellular signal transduction pathway and triggers the same responses in Xenopus. Furthermore, Activin can induce transcription of the frog myoD and myf-5 genes (Rupp and Weintraub, 1991; Steinbach et al., 1998; Takahashi et al., 1998) .
In animal cap explants, endogenous Xmyf-5 mRNA was induced by Activin in a dose-dependent manner, with maximal stimulation achieved at 50 ng/ml, while uninduced animal caps expressed no Xmyf-5 mRNA (data not shown). We prepared animal cap explants from embryos, injected with the various reporter constructs, and incubated half of each group with Activin, while the other half was left uninduced as control. We found that the p-4317Luc, p4531Luc, and FL-Luc constructs were induced about threefold, while the p-727Luc and p-3384Luc constructs did not respond to Activin (see Fig. 4B ).When the same constructs were microinjected into the dorsolateral marginal zone of embryos, a 3-4-fold difference was again observed between the two groups of constructs (Fig. 4C) . Although moderate, this difference in increase of luciferase activity was significant and consistent. We therefore conclude that the myf-5 gene contains a regulatory element between position 24217 and 23378, which responds to Activin/Nodal signaling. Apparently, this element is essential for expression in ventral mesoderm (Fig. 3) , but it also increases myf-5 transcription in dorsal mesoderm (Fig. 4C ).
A TCF binding site mediates the repression of reporter gene activity in midgastrula
Of particular interest is the regulatory element, which excludes Xmyf-5 expression from the dorsal and ventral midline. On the dorsal side, this restriction reflects the formation of the border, which separates notochord from muscle cells. Therefore, we continued in detail with the analysis of the distal-most regulatory element. Computer analysis indicated that it contains a consensus LEF/TCF binding site (Fig. 1A) ,which has been originally identified in the promoters of Wnt target genes (reviewed by Eastman and Grosschedl, 1999) . LEF/TCF is a key component of the canonical Wnt signaling pathway, which mediates target gene activation in various developmental processes together with b-Catenin as transcriptional co-activator. However, recent data show that TCF proteins can also repress target gene transcription in the absence of Wnt signal (see review by Nusse, 1999) .
At the early gastrula stage, when the Xmyf-5 expression pattern is established, Wnt signaling activity is provided by zygotic Wnt8. XWnt8 mRNA is initially detectable in all mesodermal cells except those of the Spemann organizer, but soon becomes restricted to the lateral mesoderm (Christian and Moon, 1993 ). This refinement includes the inhibition of Wnt8 protein activity through secreted antagonists such as Frzb and Sizzled, which are expressed in the dorsal- and ventral-most mesoderm, respectively (for references see De Robertis et al., 2000) .
To investigate the function of the distal TCF consensus sequence for myf-5 expression, we destroyed this motif by removing the five most upstream nucleotides from pFLGFP, and assayed the GFP transcription of the resulting DTcfGFP construct in transgenic embryos. As shown in Fig. 5A , expression of DTcfGFP is first detectable in the dorsal marginal zone at stage 10 2 , similar to the endogenous Xmyf-5 gene at this stage (see Fig. 2A ). Along with the expansion of the blastopore, the GFP signal spread laterally (stage 10.5; Fig. 5B ). At the midgastrula stage, GFP transcripts occupied the whole marginal zone around the blastopore (stage 11, Fig. 5C ), exactly as was observed for the p-4223GFP and p-4531GFP constructs (Fig. 3E,F) . We therefore conclude that the TCF binding site within this 236 bp fragment is required for the elimination of Xmyf-5 expression from both the dorsal-and ventral-most mesoderm, but does not contribute to myf-5 expression in the lateral mesoderm.
The results from quantitative luciferase assays further support this conclusion. We injected constructs pFLLuc or DTcfLuc in the dorsal most region of 2-cell stage embryos. Although the expression domains of pFLGFP and DTcfGFP overlap largely in the lateral mesoderm, the latter was about twofold more active than the former, which we attribute to additional expression in the dorsal most mesoderm (Fig. 5D ).
The distal TCF-motif is bound by an endogenous XTcf-3 like protein present in gastrula embryos
We performed electrophoretic mobility shift assays (EMSA) to address whether the gastrula embryo contains protein which can specifically interact with the TCF motif. As shown in Fig. 6 , one distinct shift complex was observed when the 23 bp probe encompassing the putative TCF binding site was incubated with nuclear protein of stage 12.5 embryos, while no DNA-protein complex appeared when the probe was incubated with BSA. Pre-incubation of the nuclear protein extract with a 10-fold molar excess of unlabeled DNA probe reduced the shift complex, and raising the amount of cold probe to 100-fold excess completely eliminated it. In contrast, two competitor DNAs with different, double point mutations in the Tcf-3 motif did not interfere with the formation of this DNA-protein complex, even when their concentration was 100-fold higher than that of the labeled wild-type TCF probe (Fig. 6A) .
To further investigate the bound protein moiety, we prepared nuclear extracts from stage 12.5 embryos, which were either injected with Myc-tagged Xtcf3 or non-injected. Both kinds of nuclear extracts displayed the same shift complex when pre-incubated with a control IgG antibody. However, when incubated with Anti-Myc antibody, nuclear protein from Myc-tagged Xtcf3-injected embryos yielded a supershift complex, while nuclear protein from uninjected embryos did not (Fig. 6B) . Taken together, the EMSA analysis suggests that the endogenous nuclear protein bind- ing to the consensus Tcf motif of the Xmyf-5 gene belongs to the Tcf protein family, several members of which are known to be expressed during gastrulation (Molenaar et al., 1996) .
Dual roles of Wnt signaling in Xmyf-5 transcriptional regulation
Wnt signaling is positively involved in myf-5 expression, although the precise mechanism has not been established yet. The observation that the DTcfGFP construct displayed a larger expression domain than the pFLGFP construct, however, indicates that this site contributes exclusively to repression of the myf-5 transgene. This could either mean that the function of Wnt signaling is to release myf-5 from long-range repression through this site, or that Wnt signaling activates myf-5 expression through other regulatory elements (directly or indirectly),or both. To distinguish between these possibilities, we analyzed Xmyf-5 transcription in embryos whose Wnt signaling activity was blocked by injection of transcripts encoding either the secreted Wnt antagonist Frzb (Wang et al., 1997) , or Lef1-EnR, a fusion protein of the Tcf family member Lef-1 and the transcriptional repressor domain of the Drosophila Engrailed protein. Lef-1 binds to the same DNA sequence as Tcf-3 (see Eastman and Grosschedl, 1999) , and overexpressed Lef1-EnR efficiently represses Wnt target genes in Xenopus (our unpublished results). The mRNAs were injected into one cell of two-cell stage embryos, leaving the uninjected cell as internal control for the normal level of myf-5 expression. As expected, both reagents caused a unilateral reduction of endogenous myf-5 expression at the gastrula stage ( Fig. 7A-C) . We then injected Frzb into the lateral marginal zone of DTcfGFP transgenic embryos. Again, a strong down-regulation of the reporter gene expression was observed at the injected region (Fig. 7D) . Taken together, these results suggest a dual function for the Wnt signaling pathway in myf-5 expression, i.e. to release the repression through the distal TCF binding site, and to contribute to activation of myf-5 in the mesoderm through other, as yet unidentified, regulatory elements.
Discussion
The transgenic reporter gene analysis presented here indicates that the major cis-regulatory elements, which control the specific expression pattern of the myogenic determination factor Myf-5 until the tadpole stage in Xenopus, are contained within less than 5.0 kbp of upstream DNA sequences. This comparatively small size and simple organization of the Xmyf-5 regulatory contig will be very advantageous for the further delineation of the transacting factors and signaling inputs involved in the transcriptional control of myf-5 during primary myogenesis. Xmyf-5 is also expressed during metamorphosis, when the adult limb and body wall musculature is formed. Its regulation at that stage may involve additional elements, as suggested from work for mouse myf-5, whose control region appears to be spread out over more than 90 kbp (see Carvajal et al., 2001 and references therein). Fig. 6 . Xenopus TCF3 binds to the distal Tcf-motif in the myf-5 gene in vitro. The DNA fragment from position 24739 to 24761 of the Xmyf-5 genomic DNA clone was radiolabeled and then incubated with nuclear extracts from midgastrula (stage 12.5) embryos. (A) A DNA-protein complex (C) was resolved by gel electrophoresis, which is marked by an arrow. The formation of this complex was inhibited by pre-incubation with unlabelled competitor DNA of wild type sequence (WT), but not by preincubation with point-mutated TCF-binding site (Mutant). The numbers above the gel indicate molar excess of unlabelled competitor DNA over labeled DNA probe. (B) Nuclear extracts from myc-tag Xtcf3-injected embryos form a DNA-protein complex (C) with the same mobility rate as nuclear extracts from un-injected embryos (Non-injected). Pre-incubation of the Xtcf3-injected extracts with Anti-myc-tag antibody, but not with unrelated IgG, produces a supershift complex (C*). No supershift complex was formed in extracts from un-injected embryos, irrespective of the antibody added.
As a transgene, the immediate promoter region of frog myf-5 (i.e. the p-295GFP construct) had no activity on its own. This is different from zebrafish, in which less than 100 bp of the myf-5 promoter region were reported to be sufficient for correct stage-and tissue-specific expression (Chen et al., 2001) . With the Xenopus and zebrafish myf-5 promoters sharing no obvious sequence similarity, the molecular basis and biological significance of this apparent discrepancy remain currently unclear. For the frog, our study has characterized three distal regulatory elements, which are required for (i) activation in the dorsal mesoderm, (ii) activation in ventral mesoderm, and (iii) repression in midline (dorsal and ventral) mesoderm. In addition, a repressor element, contained within the fragment conferring dorsal mesoderm activation, silences ectopic expression of the myf-reporter in the ectoderm. Future work will address whether the sequences responsible for repression in the ectoderm and activation in dorsal mesoderm can be separated.
Xmyf-5 activation in dorsal mesoderm
Although the region between 21778 and 2727 drives myf-5 transcription in the dorsolateral mesoderm, it is not sufficient to produce the wild-type Xmyf-5 activation pattern. First, the transgene is expressed in the Organizer, which has never been observed at this stage for either the endogenous myf-5 gene (n . 240) or the pFLGFP transgene (n ¼ 13) (Fig. 2 and data not shown) . Second, expression of the p-1778GFP and p-3384GFP constructs ends within the dorsal half of the marginal zone, whereas normal myf-5 expression reaches into the ventral half. This is particularly obvious before the midgastrula stage, when myf-5 expression reaches its ventral-most extension (compare Fig. 2B,G with 3C) . Both regulatory features require the distal TCF binding site and the 24217/23384 region, respectively (see below).
The signaling pathways and transcription factors targeting the 21772/2727 region are not known yet. In an independent study, Polli and Amaya (2002) investigated the transcriptional regulation of the myf-5 gene from X. tropicalis. The myf-5 upstream sequences are very similar between the two frog species, including several conserved homeobox consensus binding sites in the region of our dorsal mesoderm enhancer. One of these sites is bound by The Xvent-1 protein, which represses myf-5 transcription (Polli and Amaya, 2002) . Together, the two studies suggest a complex interplay of positive and negative acting factors both within and between the Xmyf-5 regulatory elements.
Xmyf-5 transcription in ventrolateral mesoderm
Sequences between 24217 and 23378 increase Xmyf-5 transgene expression in the dorsolateral mesoderm (Fig. 4C ) and are essential for the full ventral extent of the myf-5 expression domain (compare Fig. 2B,G with 3D) . Indeed, this element appears to mediate the refinement of the Xmyf-5 expression pattern during gastrulation, i.e. spreading and subsequent retraction along the dorsoventral axis (see Figs.  2 and 3) . Thus, a detailed investigation of the transacting factors binding to this element might provide unique insight into the cellular usage of the growth factor gradients establishing early mesodermal patterning. As a first step towards this direction, we have shown that this region confers responsiveness to Activin/Nodal-type signaling (Fig. 4) . This is most likely an indirect effect, because induction of endogenous myf-5 transcription by Activin is slow and requires protein neo-synthesis (Steinbach and Rupp, unpublished) . Consistent with this, we found no sequence similarity to known Activin response elements, such as those of the goosecoid (McKendry et al., 1998) and XFKH (Howell and Hill, 1997) genes. Further analysis will be required to identify the transcription factor(s) mediating Activin responsiveness and, perhaps, other regulatory inputs.
3.3. Xmyf-5 repression in midline mesoderm and the role of Wnt signaling Surprisingly we have found that the absence of myf-5 expression from both the organizer and ventralmost mesoderm is achieved by repression through a single, distal TCF consensus binding site. This binding site is specifically recognized by a nuclear protein, present in extracts of gastrula stage embryos. This protein is most likely XTcf- 3, which is expressed in the mesoderm at this stage (Molenaar et al., 1996) , because its protein-DNA complex displayed the same electrophoretic mobility as the complex generated by overexpressed, tagged XTcf-3 protein (Fig. 5) .
In Xenopus and Drosophila, several regulatory genes including Siamois, Xnr-3, Twin, and Ubx, are known to be positively regulated by LEF-1/TCF proteins in complex with b-Catenin upon Wnt signaling (reviewed by Eastman and Grosschedl, 1999) . More recent data, however, revealed that TCF can also repress target genes in the absence of Wnt signal (Brannon et al., 1997; Riese et al., 1997) . Consistent with this data, both mesodermal territories in which myf-5 is repressed through its distal TCF site become devoid of Wntsignaling during gastrulation, due to the expression of a growing list of secreted Wnt inhibitors (reviewed by De Robertis et al., 2000) . However, to our knowledge, the distal binding site in the myf-5 gene represents the first example for a regulatory element, in which a consensus TCF binding site functions only in repression.
Nevertheless, the myf-5 gene receives also positive input from Wnt signaling in the lateral mesoderm, indicated by the inhibition of the DTcfGFP construct by Frzb mRNA injection (Fig. 6) . A prime candidate for the ligand, inhibited by Frzb in this experiment, is XWnt-8, which is expressed throughout gastrulation in the lateral marginal zone (Wang et al., 1997) . The myf-5 upstream region contains several putative TCF-like DNA motifs, besides the distal consensus TCF site, and in principal these could mediate the stimulation by zygotic Wnt8. However, two observations argue against this simple model. First, it was recently shown that zygotic Wnt8-signaling, although utilizing b-Catenin, functions independently from XTcf-3 (Hamilton et al., 2001 ). Second, we have generated transgenic embryos with two artificial Wnt-dependent reporter genes, which contain multimerized TCF consensus binding sites connected to minimal promoters. Both transgenes picked up the maternal Wnt/b-Catenin activity, which is present on the dorsal side of the embryo, but they were not expressed in the lateral mesoderm (Geng, Xiao and Rupp, data not shown), where zygotic Wnt8 signaling occurs (Hamilton et al., 2001) . Because LEF and TCF proteins bind to the same DNA motif, this result implies that zygotically activated b-Catenin interacts with other nuclear factors at this time. Indeed, physical interactions between b-Catenin and non-HMG proteins have already been discovered (see Hamilton et al., 2001 , for references). Given these complications, it is premature to speculate on the factor and mechanism, by which zygotic Wnt8 stimulates myf-5 transcription.
Experimental procedures
Cloning, constructs and mutagenesis
To isolate genomic DNA from the Xmyf-5 gene, we screened a genomic library which was constructed by digesting Xenopus genomic DNA with EcoRI and inserting the fragments into the pBluescript II SK vector (Mei et al., 1999) . A probe corresponding to the Xmyf-5 cDNA sequence from position 49 to 126 (Hopwood et al., 1991) was amplified by RT-PCR from stage 12.5 Xenopus embryonic mRNA and used for screening. The primers used for amplifying this probe were 5 0 -ttgcttcaactccact- Fig. 1B . For the transgenic reporter assays, the luciferase gene was removed with XbaI and HindIII, and replaced by a GFP cDNA (Zernicka-Goetz et al., 1996) .
Restriction enzyme mediated integration transgenesis and in situ hybridization
Transgenic Xenopus embryos were generated as described (Kroll and Amaya, 1996) . Plasmids used for transgenesis were linearized by NotI digestion. Two to four independent rounds of transgenesis were performed for each reporter construct. In situ hybridizations and bgalactosidase lineage tracing were performed as described (Steinbach et al., 1998) .
Xenopus embryo manipulations and quantitation of reporter gene activity
Eggs were obtained from Xenopus females, cultured and staged as described (Ding et al., 1998; Nieuwkoop and Faber, 1967) . For episomal reporter assays, 2 nl solution, containing 25 pg of the various luciferase test constructs and 25 pg of the reference reporter construct pRL-SV40 (Promega), were injected into the dorsal-lateral equatorial region of 4-8-cell stage embryos. Luciferase assays were performed at stage 12.5, using the Dual-Luciferase Reporter Assay System (Promega). Ten embryos were combined for each measurement (Fig. 4C) . For Activin induction assays, reporter constructs were injected into the animal pole of 2-cell stage embryos and animal caps were dissected at stage 8.5. Explants were then divided into two groups (5 caps/ group), either treated with Activin for 1 h or incubated in 1£ MBS, then harvested at stage 12.5 for measuring Luciferase activity. Each experiment utilized embryos from the same fertilization batch and was repeated at least three times independently.
Electrophoretic mobility shift assays
Nuclear-extracts were prepared from stage 12.5 normal embryos or Myc-tagged Xtcf3 (a kind gift from Dr. Olivier Destree) injected embryos as described (Barth et al., 1998) . Fifteen micrograms of nuclear extract, 2 mg Poly(dI-dC) (Pharmacia Biotech) and 4.5 mg BSA were mixed and incubated at 25 8C for 15 min. Approximately 1 ng/10 000 cpm of end-labeled probe were added into each reaction and incubated at 25 8C for another 25 min. The final concentration of working solution was 40 mM KCl, 15 mM HEPES (pH 7.9), 1 mM EDTA, 0.5 mM DTT and 5% glycerol. The reaction products were immediately loaded on a 5% polyacrylamide gel containing 0:5£ TBE. The single-strand sequence of the DNA probe was: 5 0 -gaattcaaaggatttaaattcga-3 0 ; the sequences of the competitor DNA were 5 0 -agCaattGaaaggatttaaattcg-3 0 (mut1) and 5 0 -aggGatCaaaaggatttaaattcg-3 0 (mut2). To perform the XTcf3 supershift assay, 15 mg nuclear extract was incubated with 1 ng probe at 25 8C as described above, then 1 ml anti-myc antibody (Santa Cruz Biotech) was added to the reaction and incubated at 10 8C for 1 h, followed by electrophoresis.
